ABSTRACT: Colorful outcrop exposures of diagenetic iron oxide, clay, and carbonate cements in the Jurassic Navajo Sandstone reflect a multi-phase history of fluid-rock interactions. Characteristic mineralogical and geochemical variability occurs on microscopic and outcrop scales throughout southern Utah. We identify six common diagenetic facies and evaluate formation mechanisms, paragenetic relationships, and relative timing between alteration events. The diagenetic facies have distinctive visual characteristics, variations in mineralogy, major oxides, trace elements, and carbon and oxygen isotopes. They include red and bleached sandstone, diffuse and concretionary iron oxide precipitates, and carbonate concretions. Development of these facies requires changes in the interstitial fluid environment and an open geochemical system with basinwide fluid flow and variations in redox conditions. Spatial and temporal changes in paleohydrologic and diagenetic conditions indicate complex coupling and feedbacks between stratigraphic architecture, fluid flow, and basin evolution.
INTRODUCTION
The Jurassic Navajo Sandstone has been studied extensively as an important reservoir for hydrocarbons, water, and CO 2 sequestration, and as an excellent exposed analog for subsurface eolian sandstones (e.g., Permian Rotliegend Sandstone, North Sea). The Navajo Sandstone and its correlative equivalents (the Aztec Sandstone in Arizona and Nevada, and the Nugget Sandstone in northern Utah and Wyoming) are one of the largest accumulations of eolian sand in the modern or geologic record, originally covering an area of over 350,000 km 2 (Blakey et al. 1988; Blakey 1994) . The striking formation is exposed extensively on the Colorado Plateau and forms many of the cliffs and canyons in southern Utah's parks and monuments (Fig. 1B) .
The Navajo Sandstone is part of a sedimentary sequence that includes several extensive eolian deposits separated by cyclic fluvial units and largescale unconformities (Pipiringos and O'Sullivan 1978) indicating specific climatic, subsidence, and preservation conditions (Kocurek and Dott 1983) (Fig. 1A) . The Lower Triassic to Middle Jurassic strata were deposited in the Utah-Idaho trough, an elongate basin most commonly interpreted as a retroarc foreland basin (Kocurek and Dott 1983; Burchfiel 1992; Bjerrum and Dorsey 1995) . The Navajo Sandstone thickens westward (Fig. 1C ) from a depositional edge near the Utah-Colorado border to the Wasatch Line, where Triassic and Jurassic strata are cut off abruptly by erosion, Sevier thrust faults, and Basin and Range extensional faults (Marzolf 1993) .
Past studies have noted the unique color variations in the Navajo Sandstone, correlating color changes with stratigraphic shifts in depositional facies and reservoir quality (Picard 1977; Lindquist 1988) . Subsurface cores from the Utah-Wyoming overthrust belt (Lindquist 1988) and some surface exposures shift in color from brown in the lower third, to pink/red in the middle third, and white in the upper third (Biek et al. 2000) . This color transition correlates with a stratigraphic shift from a fine-grained sabkha facies in the lower part of the formation to a more permeable coarse-grained dune-field facies in the upper part of the formation (Figs. 1B, 2F ).
The majority of color change patterns in the Navajo Sandstone, however, do not follow these stratigraphic transitions (Figs. 1C, 2D, E) . Color differences commonly cut stratigraphic boundaries and appear to be associated with alteration related to diagenetic fluid flow (Chan et al. 2000; Beitler et al. 2003; Parry et al. 2004) . Past studies have shown that regional red to white ''bleaching'' patterns are associated with Laramide faults and uplifts where buoyant reducing fluids migrated upward through the fault-cored monoclinal folds (Beitler et al. 2003) . Color changes in deformation bands in the Navajo Sandstone indicate that these Laramide microstructural features had transient permeability variations and were significant conduits for reducing fluids . Diagenetic alteration in the Moab area is related to fluid flow along the Moab fault possibly driven from uplift of the mid-Tertiary La Sal laccolith intrusion (Chan et al. 2000; Chan et al. 2001) . The immense size and ideal hydrologic properties have made the Navajo Sandstone a significant reservoir, but one with a complex history of both physical and chemical diagenesis (Beitler et al. 2003; Net 2003; Parry et al. 2004 ).
OBJECTIVES
Visually distinct diagenetic facies are common throughout surface exposures of the Navajo Sandstone in southern Utah. We investigate the chemical diagenesis associated with formation-wide color changes and evaluate the influence of pervasive paleo-fluid flow within the Navajo Sandstone. The objectives of this study are, first, to characterize the mineralogy and geochemistry of the diagenetic facies, second, to constrain the relative timing of facies formation, and, third, to establish changes in interstitial fluid chemistry over time. We then evaluate geochemical and physical controls on the various diagenetic facies and interpret them in terms of spatial and temporal changes in groundwater chemistry and basin evolution.
METHODS

Field Methods
Regional outcrop color variability was evaluated with multispectral Landsat 7 ETMϩ imagery (Beitler et al. 2003) . Surface field exposures were studied in eight southern Utah areas that include structural uplifts, faults, and relatively undeformed areas (Fig. 1B) . Color variations were catalogued using the Munsell rock color chart (Goddard et al. 1951) . Representative samples of all visually distinct types of alteration were collected for laboratory analyses. Alteration characteristics and spatial relationships FIG. 1.-A) General Jurassic chronostratigraphic section on the Colorado Plateau, compiled with data from Allen et al. (2000) ; Riggs and Blakey (1993); Marzolf (1993); and Bjerrum and Dorsey (1995) ) . B) Bleached diagenetic facies (B) (Very pale orange-white) with convoluted bedding (CB) (Loc. 17). C) Variegated orange-pink sandstone showing primary color variability between grain-flow (GF) and wind-ripple (WR) eolian bedding. Small normal fault shows syndepositional nature of color (Loc. 21). D) Original red (R) and bleached (B) facies relationship, with the transition at the inflection of a regional syncline trough (ST) (Loc. 18). E) Original red (R) and bleached (B) facies transition separated by a cluster of deformation bands (DB) that inhibit perpendicular flow. F) Vertical transition in color that generally correlates with stratigraphic variability. Red at the base (R), somewhat bleached in the middle (B 1 ), and extremely bleached at the top (B 2 ) (Loc. 3).
were described and evaluated with respect to stratigraphic architecture and both regional and local structural deformation. Five stratigraphic columns of the Navajo Sandstone with varying formation thickness and diagenetic expression were complied (Fig. 1C) .
Petrography
Representative thin sections (n ϭ 66) of variably altered Navajo Sandstone were qualitatively investigated petrographically under transmitted light. Thin sections of carbonate concretions were stained for identification of calcite, and other samples were stained for identification of K-feldspar. Percent mineralogy, porosity, and grain size were estimated qualitatively. Point counts (500 points) were made at a spacing of 0.1 mm on one representative sample from each of the six typical diagenetic facies. Five polished thin sections were examined with cathodoluminescence.
Geochemistry
Whole-rock geochemistry was analyzed with ICP-MS (inductively coupled plasma mass spectrometry) on 118 Navajo Sandstone samples representing all of the apparent stages of diagenesis. Samples were pulverized with tungsten carbide and analyzed for major oxides and select trace elements. Modal mineralogy was calculated using a linear, least-squares fit of whole-rock chemistry, mineral composition, and mineral mass abundance (Parry et al. 1980) . In addition to this regional sample suite, three linear transects were sampled every 5 to10 cm going from bleached sandstone into zones of dense iron mineralization (e.g., Fig. 3D ) (Loc. 5, 17, and 19) . These samples were analyzed for major oxides and trace elements.
We analyzed 34 variably altered samples with X-ray diffraction. Clay minerals (Ͻ 2 m fraction) were extracted by hand grinding the sample in a mortar and then peptizing in water and centrifuging to make oriented smears on glass slides. Samples were prepared and analyzed both air-dried and glycolated for 24 hours at 60 o C for the identification of mixed-layer clays.
Carbon and oxygen isotopes were measured in carbonates from 12 veins, 15 cements, and 13 concretions. Powder carbonate microsamples were reacted at 90 o C in pure orthophosphoric acid. The resultant CO 2 gas was purified cryogenically using an automated device and measured on an isotope ratio spectrometer. Internal precision, based on the repeated analysis of an in-house standard, was Ͻ 0.1‰ for ␦ 13 C and ␦ 18 O. Data are reported relative to the VPDB standard.
RESULTS
Field Observations
Regionally, the Navajo Sandstone is either red (moderate orange pink) or bleached (white to very pale orange) (Fig. 2) . Visually distinct types of alteration superimposed on these regional color schemes include mineralization of diffuse and concretionary iron oxide and carbonate (Fig. 3) . Red and bleached Navajo Sandstone tend to have a homogeneous and uniform appearance, and transitions from red to bleached commonly cut strata (Figs.  2, 3 ). Other types of alteration are typically irregular, banded, or concretionary. Secondary iron oxide mineralization is most commonly, although not exclusively, located within bleached sandstone. Carbonate and iron concretions typically occur in the more permeable grain-flow eolian laminae (Fig. 3F) . Small concretions commonly coalesce to form larger clumped concretions (Fig. 3E, F) . Concretionary iron oxides occur in a variety of FIG. 4 .-Micrographs of common diagenetic facies and stages of alteration in the Navajo Sandstone. Scale bars ϳ 0.5 mm. A) Early relatively unaltered red sandstone with hematite grain coatings (Fe gc ) on detrital quartz grains ''floating'' in early calcite cement (C 1 ) (Loc. 17). B) Bleached sandstone with illite grain coatings (I gc ), weathered K-spar grains (F w ), and extensive porosity (P) (Loc. 9). C) Fe oxide mineralization both preceded (C 2 ) by and followed (C 3 ) by precipitation of calcite cement (Loc. 18). D) Diffuse reddish-brown Fe oxide mineralization with bead-like aggregates of goethite on grains and in pores, nonsutured quartz overgrowths (Q o ) ''trapping'' hematite grain coatings (Fe gc ), late calcite cement (C 4 ), and open porosity (Loc. 24). E) Diffuse yellowish-orange Fe oxide mineralization with poorly developed crystals that may show multiple generations of precipitation (Loc.11). F) Well-developed Fe oxide crystals in zone of concretionary Fe oxide mineralization (Fe c ) (Loc. 17). G) Carbonate concretion with dolomite (D), sutured grains (S), and carbonate partially replacing quartz grains (R) (Loc. 9). H) Cathodoluminescence photomicrograph showing replacement of calcite (pink) with dolomite (bright) cements in Navajo Sandstone. Scale bar ϭ 1 mm. morphologies including tabular subvertical mineralization filling joints or faults, vertical pipes, subhorizontal planar strata-bound pipes, tubes, sheets, and/or irregular bodies, Liesegang-type banding, and regional zones of organized spherical concretions (Chan et al. 2000; Chan et al. 2004 ). These range in color from dusky brown to dusky red and are commonly associated with diffuse zones of coloration. Alteration is typically contained within or parallel to bedding, bounding surfaces, and structural elements such as fractures, faults, joints, and deformation bands (Figs. 1C, 2C, 3F).
Petrography
The Navajo Sandstone is a texturally mature, subrounded, fine-to medium-grained, well-sorted, quartz arenite to subarkose sandstone. The detrital mineralogy has little regional variation and typically includes ϳ 90% quartz, ϳ 5% potassium feldspar (K-spar), and Ͻ 1% accessory minerals such as garnet, zircon, and tourmaline ( vary somewhat in grain size (avg. ϭ 0.12-0.56 mm), sorting, and packing. Samples show considerable regional variation in structural overprints, compaction, and degree of weathering. Type and amount of cement varies considerably and includes quartz, calcite, dolomite, kaolinite, goethite, and hematite (Fig. 4) . Locally, zones of anhydrite cement in association with interdune sabkha deposits are also reported (Knapp 1978) . In the diagenetic facies investigated quantitatively, the cement constitutes 15-42% of the total rock volume (calculated from Table 1 ).
The observed diagenetic groups show characteristic variations in cements and grain coatings that are the basis for their visual distinctions. Relatively unaltered red samples have thin (ϳ 0.01 mm) red-colored grain coatings composed of finely dispersed hematite and illite (Fig. 4A ). These grain coatings surround detrital grains, even between grain contact points. Some samples have minor quartz overgrowths covering the hematite grain coatings. There is generally very little iron other than the grain coatings, little clay, minor K-spar alteration, and very little porosity relative to the other diagenetic facies (Table 1 ). Many red samples have abundant carbonate cement with little compaction, resulting in ''floating'' grains surrounded by cement (Fig. 4A ). Some detrital grains have been replaced with carbonate cement in situ, but relict grains are still marked by hematite rims. Bleached samples have little or no hematite grain coatings and extensive K-spar alteration. They are cemented with patchy zones of quartz and carbonate, and they tend to have significantly more secondary porosity than other diagenetic facies. Where grain coatings are present, they are composed of clay without hematite and appear to be texturally associated with weathered K-spar grains. Kaolinite and illite occur as pore linings and intergranular and intragranular pore fillings. Grains are generally more compacted and weathered than in red samples. Secondary iron sulfides (e.g., pyrite) are rare but are present in some of the bleached samples.
Diffuse reddish-brown and yellowish-orange samples contain increasing amounts of microcrystalline bead-like aggregates of hematite and/or goethite coating detrital grains and filling pores. Concretionary samples have more well-developed euhedral hematite and/or goethite crystals. Iron oxide accounts for 77-91% of the authigenic minerals in these samples (calculated from Table 1 ). Grain coatings are not apparent but could be masked by the pervasive iron oxide cements. Unlike iron grain coatings, diffuse and concretionary iron oxide crystals surround grains and fill pore space, but they are not present between grain contacts (Fig. 4F) . Iron-rich samples may contain patchy quartz cement that predate the iron, and carbonate cement that postdates the iron.
In carbonate concretions, microcrystalline calcite and/or dolomite cements fill pores and commonly replace quartz cement and detrital grains. Dolomite commonly appears to replace calcite (Fig. 4H ). These samples lack well-crystallized iron oxides.
Geochemistry
Whole-rock Analysis.-For 95% of the whole-rock analyses, over 90% of the measured major-oxide composition can be accounted for by a combination of quartz, K-spar, illite, kaolinite, carbonate, and iron oxide (Fig.  5) . Average weight percents of the major oxides show characteristic variations in the amounts of Fe 2 O 3 , MnO, MgO, CaO, P 2 O 5 , and LOI (loss on ignition) between visually different types of alteration (Fig. 6, Table 2 ). Weight percent of Fe 2 O 3 in the sandstone varies by over 30% between red, bleached, and secondary iron oxide diagenetic facies. Bleached and carbonate facies show a decrease in Fe 2 O 3 and all others show an increase in Fe 2 O 3 . There is a distinct separation between the amount of carbonate and the amount of iron oxide in the samples (Fig. 7B ). Both coexist up to about 3%, but beyond that are mutually exclusive.
Regional trace-element data indicate a correlation between Zr and Ti ( Fig. 8A) , with red, bleached, and otherwise altered samples generally occurring in different parts of the somewhat linear trend. Ba and Sr show a correlation with at least two distinct populations (Fig. 8C) . Transect data from bleached sandstone into banded zones of dense iron oxide mineralization show extreme variation in both major oxides and trace elements. U, V, As, Zn, Co, and Ni show oscillatory zoning with higher concentrations coincident with iron oxide precipitation (Fig. 9A ). Zr and Sr show irregular transitions from bleached rock into the dense iron mineralization zone. Ba and Cr tend to increase across the front from bleached towards increasingly altered sandstone, whereas Cu tends to decrease (Fig. 9B) .
X-Ray Diffraction.-X-ray diffraction patterns reveal typical mineralogies for different types of Navajo Sandstone alteration (Fig. 10) . Kaolinite, illite, and mixed-layer illite-smectite (commonly with Ͼ 90% smectite) are the dominant clay minerals observed in the Navajo Sandstone. Relatively unaltered red sandstone samples show characteristic smectite, illite, weak kaolinite, and hematite peaks. Calcite-cemented red samples show less kaolinite than the quartz-cemented samples. Bleached samples show strong peaks for kaolinite and illite, and lack the mixed-layer smectite apparent in the red sandstone. Samples with both diffuse and concretionary iron oxide have decreasing clay content with increasing iron oxide content. Carbonate concretions tend to lack kaolinite and have strong illite peaks.
Carbon and Oxygen Isotopes.-The carbon and oxygen isotope compositions of carbonate veins, concretions, and cements in the Navajo Sandstone vary widely (Fig. 11A) . The analyzed carbonates include early cement in red samples, inferred later cement in bleached samples, and calcite and dolomite concretions and veins. The ␦ 18 O for the veins range from Ϫ19.2‰ to Ϫ8.2‰ (relative to VPDB). On average, these values are lower than the ␦ 18 O measured from both carbonate cements and concretions. FIG . 6.-Average major-oxide composition (minus SiO 2 ) of variably altered Navajo Sandstone from whole-rock analysis. Diagenetic facies include: red (n ϭ 15), bleached (n ϭ 22), diffuse red-brown (R-B) (n ϭ 16), diffuse yellow-orange (Y-O) (n ϭ 11), brownish-black Fe oxide concretions (Fe oxide) (n ϭ 17), and carbonate concretions (CO 3 ) (n ϭ 11). Average values and standard deviations are listed in Table 2 . (Faure 1977 ). Averages for different sample types show a general linear trend (Fig. 11B) .
Whole-rock chemical analyses show that some carbonate samples contain dolomite as well as calcite. Plotting CaO/MgO versus ␦ 13 C and ␦ 18 O allows evaluation of the isotopic differences associated with the precipitation of Mg-rich versus Ca-rich carbonate. The value of ␦ 18 O decreases with increasing CaO/MgO (Fig. 11C) . For ␦ 13 C a trend is not obvious, although there may be a weak correlation between Mg-rich samples and higher ␦ 13 C values.
DISCUSSION
Diagenetic Facies
Differences in geochemistry, secondary mineralogy, cements, clays, grain coatings, and textures indicate several petrographically and geochemically unique diagenetic facies within the Navajo Sandstone. These diagenetic facies correspond to visually distinguishable colors of alteration and include red, bleached, diffuse reddish-brown, diffuse yellow-orange, iron oxide concretions, and carbonates. Paragenetic relationships between these facies indicate geochemically unique stages of alteration related to episodes of fluid flow. Spatial relationships between bleached zones and iron oxide mineralization indicate that the early hematite grain coatings likely provide the major source for reprecipitated iron oxide cements later in the diagenetic history.
There is good agreement between the different types of geochemical and mineralogical data (petrography, whole-rock geochemistry, clay XRD) that show formation-wide similarities and characteristic changes in the amount of iron oxide, carbonate, and clay among visually distinct types of diagenetic alteration. The data suggest that a variety of geochemical pathways have altered authigenic mineralogy, textures, and cements of the Navajo Sandstone. Histograms of modal mineralogy show the range of typical minerals present and show a different type of distribution (symmetric versus skewed) between apparently mobile and stable mineralogies (Fig. 5) .
Redbed Bleaching
Red Facies.-The least altered rocks are generally moderate orange pink, indicating that this is the original color of the sandstone, although the exact hue varied with local differences in burial and pigment infiltration. Eolian sandstone pigment is typically derived from infiltration of meteoric water following breakdown of ferromagnesian silicate minerals and ironbearing clay minerals (Walker 1975 ). This pigment is distinguishable from later mineralization by the regularity of the grain coatings and homogeneity on both macroscopic and microscopic scales. Only a fraction of a percent of iron oxide is required to stain the sandstone red ( Table 2 ). The presence of hematite grain coatings between contact points indicates that the pigment FIG. 7.-A) Calculated % feldspar vs. % clay (kaolinite and illite) in red, bleached, and otherwise altered types (i.e., Fe oxide cemented) of Navajo Sandstone samples (n ϭ 51). Larger symbols ϭ illite, smaller symbols ϭ kaolinite. Kaolinite increases slightly at the expense of Kspar. Slope for illite is entirely different, indicating that illite and kaolinite are parts of different diagenetic systems. B) % Fe oxide vs. % carbonate (n ϭ 91). The distribution of calcite and Fe oxide in Navajo Sandstone samples is bimodal and mutually exclusive.
pervaded the sandstone very early in its diagenetic history and implies oxidizing conditions in the early interstitial fluids (Fig. 5A) . A high water table shortly after deposition could infiltrate the sandstone pores and entrap fine-grained iron bearing clays. The high volumes of carbonate cement common in this facies suggest that they were deposited very early, after formation of the hematite grain coatings but prior to compaction (Figs. 5A,  13B ). Initial porosity of eolian sandstone varies from 38-47% (Hunter 1977) and could easily allow early water infiltration. The presence of smectite in this facies and its absence in others suggests that it may have been emplaced by this early infiltration and then either removed or altered by subsequent fluid flow.
In some areas, this original pigment is unevenly distributed, with variegated hues of pink that vary with stratigraphic detail between laminae. The observed fine-scale color variations occurred syndepositionally, as is indicated by a color change that is offset by a small fault that does not continue beyond the overlying bounding surface (Fig. 2C) . Local variations in an undulating water table could either prevent or initiate localized zones of oxidation or reduction in the pore fluids. Locally reducing or acidic areas could form from the presence of organic material, preventing the precipitation of oxidized iron minerals and preserving a white color. This processes is observed, for example, in red and white sandstone in the Triassic Skagerrak Formation in Denmark (Weibel 1998) . Localized reducing conditions appear to have been rare in the Navajo Sandstone. The red pigment is pervasive and suggests a lack of primary organic matter and the presence of oxidizing conditions early in the diagenetic history. For this early grain coating iron to be mobilized, chemically reducing or very acidic fluids are required.
Bleached Facies.-Zones of white Navajo Sandstone are interpreted as areas where the hematite grain coatings of the red facies were removed by geochemically reducing paleo-groundwater (''bleached''). In some samples, the lack of hematite grain coatings between detrital quartz grains and quartz overgrowths suggests that either they were never present or that they were removed prior to the formation of overgrowths. Petrographically, the primary evidence of bleaching is increased K-spar weathering and cement dissolution. Bleaching is a result of interaction with hydrocarbons, methane, or organic acids that produce CO 2 as a by-product. The CO 2 makes pore fluids more acidic and encourages feldspar weathering and carbonate dissolution. These reactions could increase porosity and permeability, which could facilitate precipitation of later cements (including carbonate). Wholerock analyses show a slight negative correlation between the amount of Kspar and kaolinite in the sandstone (Fig. 7A) . This relationship is seen petrographically, with disintegrating feldspar grains in textural continuity with clay infilling (Fig. 7B) . Illite, in contrast, tends to increase along with K-spar, suggesting that it is not a secondary alteration product of K-spar. Illite either could have a primary origin, or could be an alteration product of kaolinite.
Chemical reduction of iron and bleaching may also result in reduction of aqueous sulfate to sulfide and precipitation of pyrite. Pyrite occurs as scattered grains in the bleached faces and may have been a sulfide precursor to some of the iron oxide concretions. Copper sulfide concretions are known in Lisbon Valley and pyrite concretions are reported from roll-front uranium deposits (Hoeve 1984) .
Bleaching Patterns.-Two common types of contacts between red and bleached rocks are observed: regional structural contacts and local stratigraphic contacts (Fig. 2D-F) . In most areas, bleaching contacts correlate with regional folds and faults where the bleached rocks are topographically and structurally above red rocks, indicating a buoyant reducing fluid. On a regional scale, most bleaching occurs on the crests of Laramide uplifts (Beitler et al. 2003) . Color transitions commonly occur at structural inflections and follow the strikes of fold axes, with red areas preserved in troughs of synclines. These relationships are not obvious on an outcrop scale but are apparent when viewed in a more regional structural context. Structural relationships constrain the timing of major bleaching to post-Laramide deformation (Beitler et al. 2003) . Locally, preserved red areas are associated with stratigraphic or structural baffles that have restricted the influx of bleaching fluids (Fig. 2E) . Baffles include deformation bands, interdune limestone-chert layers, and fine-grained to muddy wind ripple laminations or fluvial deposits.
Bleaching and secondary zones of mineralization are most common in the upper third of the Navajo Sandstone, where higher-permeability largescale trough cross stratification dominates, but in many areas the entire section is bleached (Fig. 1C) . The dune deposits consist of grain-flow and wind-ripple laminae with different petrophysical characteristics that cause laterally variably intraformational permeability variations. Wind-ripple laminae are tightly packed, with an average porosity of 7-8% and horizontal permeability ranging from 0.01 to 0.1 mD (Lindquist 1988) . Grainflow strata have an average porosity of 12-13% and horizontal permeability ranging from 0.01 mD to Ͼ 1.0 Darcy (Lindquist 1988 ). This increased permeability in grain-flow strata is evident from increased alteration within these beds (Fig. 4F) . Lamination grain packing makes permeability parallel to laminae 2-5 times greater than permeability perpendicular to the strata (Chandler et al. 1989 ). This restricted vertical fluid flow is apparent in some alteration boundaries (Fig. 3C) .
Red to white color variations in sedimentary redbeds are commonly attributed to migration of hydrocarbons (Levandowski et al. 1973; Segal et al. 1986; Surdam et al. 1993; Chan et al. 2000; Garden et al. 2001 ). The extensive bleaching in the Navajo Sandstone suggests a history of active paleo-hydrocarbon migration (Beitler et al. 2003) . Hydrocarbon-related bleaching is documented in several other units in southern Utah, including the Permian White Rim Sandstone in the Tar Sand Triangle area (Huntoon et al. 1999; Sanford 1995) , the Triassic Moenkopi Formation in the San Rafael Swell and parts of the Escalante area (Blakey 1974) , and the Entrada Sandstone in association with the Moab anticline (Chan et al. 2000; Garden et al. 2001 ).
Iron Oxide Mineralization
Iron oxide mineralization in the Navajo Sandstone occurs in zones of both diffuse and concretionary cements. The iron oxide content increases from diffuse reddish-brown, to diffuse yellowish-orange, to dusky brown concretions (Figs. 6, 10, Table 1 ). These three facies represent characteristic end members of a continuum of alteration. Outcrop color is dependent on iron oxide concentration, crystal development, and mineralogy. Goethite forms the yellowish and brownish colors and hematite forms the more reddish colors (Cornell and Schwertmann 1996) . The amount of iron present in some areas (up to ϳ 35%) suggests a highly mobile iron system with advective mass transport. The iron source is interpreted to be the grain coatings that have been removed from red sandstone in the bleaching process. Spatial relationships between bleached zones and iron-rich facies indicate that in some areas iron ions have traveled several kilometers before oxidation.
Oxygenated Fe 2ϩ originally precipitates as polynuclear aggregates of Fe 3ϩ hydroxides and ferrihydrite (Cornell and Schwertmann 1996) , which are converted to a polymorph of FeO(OH) such as goethite, and finally to hematite (Berner 1980) . This aging of amorphous iron oxyhydroxides to a more crystalline phase can be accompanied by a growth in crystal size due to Ostwald ripening (Ostwald 1896) . The presence of both iron oxide phases indicates multiple precipitation events with different geochemical conditions or progressive dehydration of goethite to form hematite.
Iron oxides within the Navajo Sandstone form according to the chemical reaction Modeled adsorbed fractions of trace metals on hydrous ferric oxide as a function of pH. As, V, Zn, Co, and Ni abundance are computed using Geochemists Workbench (Bethke 1998) . Uranium values are from Waite et al. (1994) . Heavy line indicates probable fluid pH.
This reaction can be driven by either a supply of the reactants (Fe 2ϩ and O 2 ) or removal of the product (H ϩ ). The reaction quotient is defined as Q
. At equilibrium, the reaction quotient is equal to the equilibrium constant K. Generally Q must exceed K in order to achieve supersaturation, nucleation, and initiation of precipitation of iron oxide. The reactants O 2 and Fe 2ϩ must be supplied from different sources in two separate solutions (Fig. 12) . Advecting fluid transports Fe 2ϩ in solution into a region occupied by the second fluid containing an oxidant such as O 2 . Diffusion of O 2 into the Fe 2ϩ -bearing solution results in precipitation of hydrous ferric oxide perpendicular to the direction of flux (Ortoleva 1994) . This combination of advective and diffusive processes could account for the complex mineralization patterns seen in the field.
Macro-nuclei commonly found in other types of concretions are not observed in these iron oxide concretions ). Rather, a chemical nucleus drives precipitation when free energy is lowered locally by the (1) consumption of a reaction product, (2) production of reactants, or (3) catalyzing of the reaction. Potential nuclei include calcite and aluminosilicates such as illite and K-spar that would consume H ϩ and drive precipitation. The predominance of iron mineralization within bleached facies, lack of clay, and depletion of some trace elements (Fig. 8B) indicate that these rocks have been thoroughly flushed with fluids. Some concretion populations contain anomalous abundances of Ba or Sr, which suggest changes in source fluids (Fig. 8C) . The presence of concretion zones within red sandstone suggests that these reducing advective fluids had reached FIG. 11.-Carbonate isotope data from the Navajo Sandstone. A) ␦ 18 O and ␦ 13 C from carbonate cements (n ϭ 15), concretions (n ϭ 13), and veins (n ϭ 12). Data from Chan et al. (2000) are also plotted (indicated by *). B) Average isotope data for different diagenetic facies, with error bars showing one standard deviation. C) Ratio of calcium to magnesium weight percents (from whole-rock analysis) and carbon and oxygen isotopes for the same samples. Magnesium-rich carbonates (dolomites) tend to have more negative isotope values. D) Calculated temperature-related fractionation effect for calcite and dolomite precipitated from the same fluid.
FIG. 12.-Generalized conceptual model of an oxidation-reduction front with precipitation of ferric oxide near the interface between oxidizing, O 2 -bearing water and reduced, Fe 2ϩ -bearing waters. A reduced, Fe 2ϩ -bearing solution moves to the right into a region of porous rock containing oxygenated water. Oxygen diffuses into the Fe-bearing solution, elevating the reaction quotient, Q (see text for explanation). Aluminosilicate or carbonate minerals consume H ϩ , further elevating Q in the vicinity of the reacting mineral, which may nucleate precipitation of Fe oxide. When some nucleation threshold is reached and Fe oxide precipitates, the value of Q falls to 1/K and the concentration of dissolved Fe falls to nearly zero. Diffusion of product H ϩ away from the site of precipitation lowers Q and diffusion of Fe 2ϩ and O 2 causes further precipitation. As the reaction front moves to the right, the source of O 2 moves farther away until O 2 can no longer be supplied to the site of precipitation. Increases in Q then result from increased O 2 and Fe 2ϩ and decreased H ϩ at a new site of precipitation. saturation. Bacteria commonly mediate iron mobilization and precipitation and could possibly be an important component of this system (Cornell and Schwertmann 1996) .
Timing of iron mineralization can be constrained by structural relationships. Throughout the field area, many joints are lined with a thick (Ͼ 5 cm) layer of iron oxide cement. The iron staining is commonly diffuse and permeates the sandstone on one side of the joint, and terminates abruptly on the other side of the joint, indicating directional fluid mixing and diffusion. The joints were likely conduits for oxidizing meteoric groundwater that infiltrated the sandstone and created a local oxidizing environment. If the sandstone was saturated with reducing iron-saturated fluid at the time of joint formation, the influx of this meteoric water would have resulted in precipitation of iron along this increased permeability zone. The measured orientation of 20 iron-lined joints in the Escalante area trend east-northeast. These orientations are perpendicular to joints associated with Basin and Range extension, but they could be from structural flexing of Laramide uplifts or more recent uplift of the Colorado Plateau.
Reaction-front trace-element distribution.-Banded zones of iron mineralization reveal striking directional transitions in trace elements (Fig.  9 ). The distribution of trace elements in rocks is controlled mainly by elemental ionic charge and radius (Goldschmidt's Rule) (Bau 1996) . Isovalent trace elements with similar ionic radii should remain tightly coupled in most geologic processes. The linear distribution of Zr and Ti in the Navajo Sandstone suggests a consistent provenance signature, and that differences in trace elements are likely the result of fluid flow (Fig. 8) .
The distribution of minor and trace elements at an oxidation-reduction interface is dependent on the oxidation potential required for precipitation of low-solubility sulfides, oxides, and selenides (Harshman 1974) . When concentrations of elements are insufficient to cause precipitation of sulfides, oxides, or selenides, those elements may occur as adsorbed species (mechanical substrates, without chemical interaction) on iron oxyhydroxide surfaces (Hsi and Langmuir 1985) . Adsorbed species would be concentrated where the sorbent is most abundant, as in zones of abundant ferric oxide in the Navajo Sandstone. Elevated levels of U, As, V, Zn, Ni, and Co in the iron-rich samples (Fig. 9A ) occur as adsorbed species. Modeled pH conditions where this could occur suggest a neutral to slightly alkaline fluid (Fig. 9B) .
For other elements such as Cr and Ba, there is a consistent directional increase along the reaction front. Cu shows the opposite relationship, decreasing along the front (Fig. 9A) . Some elements are scavenged from the rock with flow, whereas others increase in concentration. Formation-wide, trace elements tend to vary between original red, bleached, and secondarily altered samples with higher levels of both Zr and Ti in the bleached samples and less in the zones of secondary mineralization (Fig. 8) . This relationship is seen formation wide, as well as within the transect data, and indicates that more fluids have flushed through the highly altered rocks than the red and bleached sandstone and removed trace elements from the system.
Roll-Front Analog.-Oxidation-reduction chemical fronts in sandstone have been described most extensively in connection with the genesis of and exploration for uranium roll-front deposits. In contrast to iron, uranium is mobile under oxidizing conditions and precipitates under reducing conditions. Uranium-vanadium ore in the Entrada and Navajo Sandstone occurs in an ''S'' shaped roll-front (Adler 1974) , similar to geometry of iron redox fronts investigated here (Fig. 12) . The uranium deposits form by chemical reaction between an oxidizing, uranium-bearing water and either a reductant in the host rock such as plant remains or iron sulfides, or a reducing fluid in the host rock such as water containing methane or H 2 S (Adler 1974; Galloway 1978; Goldhaber et al. 1983; Maynard 1991; Finch 1996) . Near the accumulations, the host sandstones are bleached with limonite and pyrite concretions in the bleached facies, kaolinization of feldspars, and transformation of clay minerals from kaolinite into illite and chlorite (Hoeve 1984) . In uranium deposits, the direction of a roll-front deposit is commonly affected by changes in the thickness of the host rock, moving around thinner sand zones toward thicker sand zones (Rubin 1970) . Similarly, the iron reaction fronts in the Navajo Sandstone commonly originate from joints and bounding surfaces and diffuse into more massive zones of homogeneous sandstone.
Carbonates
Calcite and dolomite cements are common in the original red facies, are lacking in the bleached facies, and occur as post-iron mineralization in the other diagenetic facies. This distribution indicates complex paragenetic relationships between episodes of mineralization, dissolution, and replacement. Carbonate concretions and veins occur in all of the diagenetic facies, indicating multiple formation events. Whole-rock analyses show that iron oxide and carbonate cements occur as two remarkably distinct populations (Fig. 7B) . Iron oxide may precipitate preferentially in zones where carbonate acts as a catalyst for precipitation. This relationship is further suggested by morphologic similarities between some carbonate and iron oxide concretions. Dissolution of carbonate could consume H ϩ and raise the pH of the interstitial environment, permitting precipitation of hematite. Conversely, iron precipitation driven by redox reactions would produce H ϩ and dissolve existing carbonate cement.
Carbon and oxygen isotopes from a variety of carbonate cemented samples allow evaluation of genetic relationships and characterization of source fluids. Carbonate samples are divided into five different diagenetic populations: (1) red, (2) bleached, and (3) dusky brown cement, (4) concretions, and (5) veins. The wide range in isotopic composition for these groups suggests the presence of more than one carbonate phase, and that these phases are characterized by very different temperatures and/or very different source fluids. The group averages show a linear trend, which suggests two primary carbonate phases with physical mixing between the two phases within samples (Fig. 11B) . If the total 22.5‰ ␦ 18 O variation is attributed to temperature-related fractionation from a single fluid, temperatures would have had to vary by 300 o C (Fig. 11A) , which is unreasonable.
Combining petrographic and isotopic evidence, we identify at least four episodes of carbonate precipitation within the Navajo Sandstone. An early phase of calcite cement is pervasive in the early red facies (Fig. 4A) and has an isotopic composition that agrees well with the data on red unaltered sandstone in Chan et al. (2000) . Early calcite cement was precipitated from an isotopically heavy fluid, which may have originated as evaporated playa water on the Navajo dune field or as a saline brine associated with older evaporite deposits (e.g., the Pennsylvanian Paradox Formation). Some of the early calcite was later replaced by dolomite. The weight percent of Ca/ Mg versus ␦ 18 O indicates an average 10‰ increase from dominantly Ca to equal amounts of Ca and Mg. Dolomite formed at 25 o C typically should be enriched in 18 O by 5-7‰ compared to coexisting calcite (Fig. 11D ) (Tan et al. 1970) . Therefore, the observed isotopic difference between dolomite and calcite indicates that they were precipitated from different fluids. The heavy ␦ 18 O values of some dolomites indicate that this phase formed either from more evolved briny fluids or at a lower temperature. Both of these early carbonate cements predate bleaching and have been extensively dissolved and removed in association with bleaching reactions and/or iron precipitation. The third carbonate precipitation event is vein-and faultassociated and followed regional bleaching. The low ␦ 13 C and ␦ 18 O values suggest precipitation from a freshwater source, which is consistent with their precipitation being related to regional uplift. The veins from this study are not as depleted as Moab Fault veins analyzed by Chan et al. (2000) , interpreted to be a result of fluid interaction with 13 C-depleted hydrocarbons. A fourth phase of carbonate precipitation formed carbonate concretions and late cements in bleached and iron-rich facies (Fig. 4D) . These carbonates tend to have the heaviest isotopic values, indicating a more evolved and potentially saline fluid, possibly with a meteoric influence.
Timing of Alteration
The first recognizable diagenetic event in the Navajo Sandstone was influx of an oxidizing meteoric water that formed the hematite grain coatings. This was followed by emplacement of early carbonate cement. These early cements likely restricted fluid flow during early burial. Around interdune playa and sabkha deposits, internal carbonate sources could have resulted in localized carbonate precipitation. Deposition of the Carmel Formation in the Middle Jurassic provides an external yet local source of carbonate.
In the mid-Jurassic the Utah-Idaho trough began its first episode of rapid subsidence (Bjerrum and Dorsey 1995) . Subsidence modeling shows dramatic variation in the maximum depth of burial for the Navajo Sandstone ranging from Ͻ 3 km in southeastern Utah (Nuccio and Condon 2000; Garden et al. 2001) to Ͼ 10 km in southwestern Utah (Huntoon 1999) . Our analyses of surface samples do not apply to the more deeply buried rocks, and are more applicable to the Moab and Monument area burial curves (Fig. 13) . Initial burial would have resulted in compaction and potential ejection of formation fluids, possibly forming some carbonate and quartz cements and overgrowths in the sandstone lacking the early carbonate cements. Until Cretaceous Sevier deformation divided the formation and created separate hydrologic compartments, the Navajo Sandstone was likely a continuous reservoir capable of long-range fluid flow with only stratigraphic anisotropies to guide regional flow. Migrating fluids could have traveled several kilometers through the formation.
Relationships between bleaching patterns and structural deformation show that the most extensive episode of bleaching in the Navajo Sandstone began in the Late Cretaceous to Early Tertiary, following uplift and deformation related to the Laramide orogeny. However, Sevier-age thrust faults, such as the Pavant Thrust in southwestern Utah, also show preferential bleaching, indicating that some reducing fluid flow occurred during the time when these faults were not sealed. Several potential hydrocarbon source rocks in a reasonable proximity reached maturation in the Late Cretaceous to the south of the bleached exposures (Huntoon 1999; Nuccio and Condon 2000; Garden et al. 2001) . Depositional conditions at that time indicate that regional fluid flow gradients were from south to north (Sanford 1995) . These gradients may have transported bleaching fluids related to migrating hydrocarbon systems towards feeder faults such as the reverse faults coring Laramide uplifts (Beitler et al. 2003) , and the Moab Fault (Chan et al. 2000) . From the faults, reducing fluids would have migrated laterally into and through the Navajo Sandstone reservoirs. Redox reactions dissolved carbonate cements, mobilized iron grain coatings, degraded feldspars, and initiated kaolinization.
Continued uplift into the Tertiary increased the influx of oxidizing meteoric water from the surface. For iron oxide mineralization to have occurred, the sandstone pores would have needed to be saturated with reduced iron when oxidizing waters encroached. Iron content in modern groundwater from deep artesian wells in the Navajo Sandstone is so high in some areas that with the changes in pressure, temperature, and pH, iron precipitates and stains rocks under the discharge pipe (Hood 1980) . Local topographic flow gradients increased in the Tertiary with laccolith intrusion and uplift of the Colorado Plateau, which may have further facilitated localized fluid mixing and iron oxide mineralization.
CONCLUSIONS
Field, petrographic, and geochemical analyses reveal multiple diagenetic facies within the Navajo Sandstone. These include red and bleached sandstone, diffuse and concretionary iron oxides, and carbonates. Stages of alteration resulted from changes in groundwater geochemistry during early diagenesis, burial diagenesis, and uplift-related diagenesis. Early hematite grain coatings in the red facies were mobilized by reducing fluids that bleached the sandstone. The iron was transported advectively and redistributed to form the colorful diffuse and concretionary zones of mineralization. Iron oxide mineralization was episodic and occurred recently in the overall history of the sandstone. Carbonate cements may have been dissolved by the bleaching fluids and/or by acidity produced in the precipitation of the iron oxides. Carbonate precipitation from multiple geochemically different source fluids occurred several times over the burial history.
The timing and spatial patterns of diagenesis indicate an important relationship between fluid flow and structural evolution. Tectonically induced burial, reservoir compartmentalization, and formation of fault conduits resulted in significant changes in the diagenetic mineralogy of the sandstone. Pervasive fluid flow within the Navajo Sandstone has resulted in complex color variations and variable geochemical signatures that represent snapshots of both temporally and spatially transient conditions.
